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ABSTRACT

Jang, Dongwon
M.S.O.E
Rose-Hulman Institute of Technology
August 2021
Distributed Feedback Master Oscillator Power Amplifier using Interface Polaritons
Thesis Advisor: Dr. Scott R. Kirkpatrick

Characterization and simulation of an innovative solid-state distributed feedback master oscillator power amplifier (solid-state DFB MOPA) are presented, using interface polaritons (IPs) that
enhance wave propagations at gain-loss interfaces in active layers. The author set up the design
of the fabricated device, and a company, Freedom photonics, collaborated with us, allowing me
to modify some of their designed MOPA systems. The master oscillator (MO) consists of a patterned grating on a waveguiding region to transfer only a single mode of 1.550 µm wavelength.
The power amplifier (PA) is fabricated with the MO to reduce power loss and tapered to amplify
a single low-power mode from the MO. This PA region has a difference from other tapered PAs,
containing an unpumped central area to have additional IPs. The simulation analyzes modeling
characteristics of output light power, responding to different geometric parameters. The characterization includes far-field profiles, LIV, spectrum, and FWHM of the new device measured from
experiments, compared with counterparts of a standard model.
Keywords: Semiconductor laser, Optical Amplifier, Tapered Amplifier, Surface Polaritons, SLOC
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1.

INTRODUCTION
Photonics is a technology expected to replace some electronic components in the future. In an

electronic circuit, electrons carry out signal transmissions. In a photonic circuit, photons work in
the same role as electrons in the electric circuit [1]. An example of an integrated photonics circuit is
shown in Figure 1.1. Transmission rates of photons in the photonic circuit can be much faster than
counterparts of electrons in the electronic circuit [2]. Also, electrical interconnections usually use
metallic wires. Electric connections increase parasitic capacitance and signal transmission delay
when they overlap each other in a limited space. This phenomenon, known as an ”interconnect
bottleneck,” is becoming a significant problem in high-performance computing systems. Small
optical interconnections, however, can cross each other without interference [3][4].

Figure 1.1: Photograph of a photonic integrated circuit chip [5]

2
A laser as a light source is a fundamental component in photonics. Since the first laser was
demonstrated in the early 1960s [6], there is no doubt that the laser has changed many industries.
Laser applications include: free-space optical communication [7], semiconducting chip manufacturing [8], laser printers [9], laser surgery [10], LIDAR (Figure 1.2) [11], laser scanners [12],
optical tweezers [13]. In particular, lasers coupled with optical fibers make it possible for us to
experience a couple of Terra-byte data per second over long distances [14].

Figure 1.2: Basic operation principle of LIDAR as an application of a laser[11]

There are many kinds of lasers, with a wide range of pumping methods and gain materials
according to purposes (Figure 1.3): semiconductor lasers that are electrically pumped; solid-state
bulk lasers (such as ND:YAG laser) based on bulk pieces of doped crystal or glass as pumped gain
media; dye lasers inserting various dyes selectively absorbing light with specific wavelengths into
resonators; gas lasers using some gases as pumped gain media; Raman lasers based on amplification via stimulated Raman scattering rather than stimulated emission; Free-electron lasers utilizing
high-energy free electrons as particle accelerator extract photons; Chemical lasers pumped by
chemical energy; and Nuclear lasers pumped by nuclear reaction [15]

3

(a)

(b)

(c)

(d)

Figure 1.3: Examples of lasers with different pumping methods (a) A typical fiber-coupled
semiconductor module (b) Green laser pointer of Nd:YVO4 bulk laser) (c) Helium Gas laser
(d) Free-electron laser [16–19]
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Semiconductor lasers are the most well-known industrial lasers, having a few advantages over
other lasers. Semiconductor lasers utilize semiconducting materials as pumped gain media to
fabricate devices using conventional fabrication processes: Photoresist coating, Lithography, Dryetching, Lift-off, Sputtering, Plasma-enhanced chemical vapor deposition (PECVD) [20]. Semiconductor lasers can be small, on the order of 0.01 mm long. The semiconductor lasers usually use
double-heterostructures to confine carriers and optical fields to active regions with thicknesses of
10.00-20.00 nm (quantum-well laser), utilizing the semiconductor fabrication processes to manufacture the semiconductor lasers. Semiconductor lasers also have another advantage that can be
modulated at high frequency by modulating pumping current [21][22].
One of many laser configurations is a master oscillator power amplifier (MOPA), consisting of
a low-power master laser (or seed laser) and an optical amplifier to boost output power, as shown
in Figure 1.4. The MOPA structures can have a couple of advantages compared to high-power
lasers. First of all, The MOPA systems can be easier to reach required performances than highpower lasers, such as linewidth, wavelength tuning range, beam quality, or pulse duration, if the
required power is very high. In addition, the performance of a laser can be modulated by adjusting
a low-power seed laser or using an optical modulator between the seed laser and a power amplifier
rather than modulating a high-power laser directly. Another advantage is that gain reduction from
gain saturation is less in MOPAs than in high-power lasers because light passes through gain media
once in the MOPAs. Also, developing a new device can be simpler and cheaper if an existing laser
and an existing amplifier are used, rather than creating a new laser with higher output power [23].
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Figure 1.4: Schematic of a solid-state DFB master oscillator and tapered power amplifier [24]
In edge-emitting MOPA systems, tapered amplifiers are considered a solution to overcome
limitations in scaling lateral dimensions of broad-area MOPAs. The problem is that increased input
power at an input facet of the amplifier saturates the gain of the master oscillator when single-mode
power and the width of the amplifier are required to increase. [25]. Numerical analysis of flared
semiconductor laser amplifiers was performed to configure performance characteristics and beam
quality of a tapered amplifier by Lang et al. [26]. Developed peaks at lateral edges of the gain
region were observed, as shown in Figure 1.5. The peaks’ origins have not been entirely explained
in any papers [25].
Wood first observed surface plasmon polaritons (SPPs) in 1902 [27], and Cunningham and coworkers introduced the term surface plasmon polaritons in 1974 [28]. In recent years, research
and development of optical elements have been achieved using SPP properties, for example, field
enhancement, long-range propagation, and shorter wavelength [29]. The SPPs are only excited
by P-polarized light arriving at interfaces between metals and dielectrics. When TE mode waves
propagate into amplifiers through input facets, the electric fields are perpendicular to the interface
between the gain and loss regions, which means that the incident optical waves are P-polarized

6

Figure 1.5: Near-field intensity patterns of a tapered amplifier at output facet. Developed
peaks at the boundaries of the gain medium are observed with increased current injections
to an active region. [26]
against the gain-loss interfaces [30]. Relating this principle and observation that the light beam
at the edge of the gain region in the amplifier is developed with the SPs, an innovative device
can be suggested, which has an unpumped gain region in the middle of the power amplifier. In
this thesis, surface polaritons that are excited at interfaces between all-dielectric media are called
Interface polaritons (IPs). The IPs are excited at the interfaces between the central unpumped gain
region and the adjacent pumped gain regions, which is expected to improve the beam quality that
is inevitably reduced by the interface polaritons at the side edges of the gain region.
In this thesis, simulation and characterization of a peculiar amplifier design of semiconductor
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DFB MOPA will be covered rather than fabrication processes. The organization of this thesis is
as follows: Chapter 2 explains the basic knowledge of master oscillators, power amplifiers, and
SPs in detail. Chapter 3 thoroughly describes the structure of the MOPA system part-by-part.
Chapter 4 presents COMSOL simulation to understand the effects of a central unpumped region of
an innovative amplifier design (Rose design) compared to a conventional tapered power amplifier
(Standard Design). Chapter 5 explains experimental work, including the complete experimental
setup and data measurement step. Chapter 6 includes discussions on obtained data results in the
experiment. Chapter 7 summarizes this research based on the data obtained in Chapter 6 and
suggests potential future studies to advance this area of interest.
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2.

BACKGROUND AND THEORY
In this section, background knowledge and main theories are theoretically explained to help

understand my design’s concept in three parts: master oscillator, power amplifier, and surface
polariton (SP). In the part of the master oscillator, the basic principles of semiconductor lasers,
using distributed feedback as resonators, will be described, including material, laser operation,
basic laser structure, and distributed feedback reflector. Many optical amplification methods are
described in the power amplifier section, and semiconductor amplifiers’ physics is explained with
a taper structure used in this thesis. In the surface polariton part, a concept of surface plasmon
polaritons (SPPs) will be introduced to help readers understand, and properties of the SPPs will be
derived from Maxwell’s equations. Finally, the concept of the SPPs at dielectric-metal interfaces
will be developed to SPs at all-dielectric interfaces.

2.1.

Master Oscillator

Master oscillators are usually laser diodes, which produce highly coherent beams. The master
oscillators do not need to be robust and do not need to operate at high efficiency because power amplifiers mainly determine the output powers of the systems. [23]. By investigating semiconductor
laser theory, proper conditions for a highly coherent master oscillator can be developed.

2.1.1.

Semiconductor Laser Materials

All lasing semiconductors have direct bandgaps because momentums of photons can be conserved in transition processes, and radiative-transition probabilities are high in lasing processes.
There are many lasers that emit a wide range of wavelengths from 0.3 to over 30 µm [22]. The first
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discovered material found to emit laser radiation was Gallium Arsenide, and after that, its related
III-V compound alloys were also extensively studied and developed [22]. The three most important
III-V compound alloy systems are Gax In1−x Asy P1−y , Gax In1−x Asy Sb1−y , and Alx Ga1−x Asy Sb1−y .
Figure 2.1 shows the energy bandgaps plotted against the lattice constants for three alloy systems and their binary, ternary, and quaternary compounds. The lattices matching between two
semiconductors must be satisfied to achieve a heterostructure with negligible interface traps. The
quaternary compound, Gax In1−x Asy P1−y can have an almost perfect lattice match with InP as a
substrate [22].

Figure 2.1: Distribution of energy bandgaps and lattice constants for three III-V compound
solid alloy systems [22]

R.L Moon et al., published lattice constants and bandgap energies of Gax In1−x Asy P1−y against
alloy compositions in 1974, which estimates an energy bandgap and a lattice constant corresponding to a potential quaternary-solid composition, extrapolating ternary data into quaternary
regions [31]. This method uses two parameters. One parameter, x, gives a fraction of III-sublattice
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sites occupied by Ga, and the other parameter, y, gives the fraction of V-sublattice sites filled by
As in Gax In1−x Asy P1−y . An approximation of lattice constants is below.
ao = 5.87 − 0.42x + 0.18y − 0.02xy.

(2.1)

From Eq. 2.1, a contour plot of lattice constants depending on alloy compositions of GaInAsP can
be obtained, as shown in Figure 2.2.

Figure 2.2: Contour plot of lattice constants vs. alloy compositions of Gax In1−x Asy P1−y

An approximation of energy bandgaps of the Gax In1−x Asy P1−y is
Eg (eV ) = 1.35 − y + 1.4x − 0.33xy − (0.758 − 0.28y)x(1 − x) − (0.101 + 0.109x)y(1 − y). (2.2)
A contour plot of energy bandgaps according to alloy compositions can be plotted, as shown in
Figure 2.3.
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Figure 2.3: Contour plot of energy bandgaps vs. alloy compositions of Gax In1-x Asy P1-y s

2.1.2.

Laser Operation

Three processes are involved in laser operation seen in Figure 2.4: absorption, spontaneous
emission, and stimulated emission [15]. For a simple example, there are two energy levels, E1 and
E2 , of an atom, where E1 corresponds to a ground state, and E2 corresponds to an excited state.
The emissions or absorption processes of a photon with a specific frequency, ν 12 , are involved in
any transition between these two states given by hν 12 = E2 – E1 . In the absorption process, an
atom in the ground state, E1 , absorbs a photon (so-called pumping) and shifts up to the excited
state, E2 . In spontaneous emission, an atom in the excited state, E2 , emits a photon of energy
quickly after excited by absorption without any external stimulus. In stimulated emission, when a
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Figure 2.4: Band diagram of three basic transition processes between two energy levels. Dots
indicate the state of the atom [6]
photon of a given energy impinges on an atom in the excited state, E2 , the atom is stimulated and
makes a transition to the ground state, E1 , and gives off a photon of the same and in-phase energy.
The radiation from stimulated emission is monochromatic and coherent [22].
In a steady-state laser operation, rates of stimulated emission and spontaneous emission must
be balanced by a rate of absorption. Therefore we can have
B21 n2 ρ(hν12 ) + A21 n2 = B12 n1 ρ(hν12 ).

(2.3)

The stimulated-emission rate is written as B21 n2 ρ(hν 12 ), where n2 is the number of electrons in
an upper level, B21 is a proportionality constant, and ρ(hν 12 ) is the total energy in a radiation field
per unit volume per unit frequency. The spontaneous-emission rate can be written as A21 n2 , where
A21 is a constant. The absorption rate can be written as ρ(hν 12 ), where B12 is a proportionality
constant, and n1 is the number of electrons in a lower level [22].
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Population Inversion
For laser operation, stimulated emission must dominate over the other processes, spontaneous
emission and absorption. From Eq. 2.3, we can have
Stimulated-emission rate B21 n2 ρ(hν12 ) B21
=
=
Absorption rate
B12 n1 ρ(hν12 ) B12



n2
n1


(2.4)

The stimulated emission can dominate over the absorption when an electron density of an upper
level, n2 is greater than a counterpart of a lower level, n1 , the condition of which is called population inversion [6]. The population inversion can be achieved by some pumping processes, such as
direct current injection, optical pumping using a light source, which put more atoms into the upper
level than into the lower level, as shown in Figure 2.5

Figure 2.5: Band diagram of population inversion between two quantum mechanical energy
levels [6]
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Optical Resonator
Fabry-perot (FP) lasers, which are the earliest diode laser systems, can be utilized to explain
the basic principle of resonators [21]. A Fabry-perot laser resonator is shown in Figure 2.6.

Figure 2.6: Schematic operation of a Fabry-perot laser [21]

Assume that the resonator contains a plane optical wave, E. This plane wave has its phase and
amplitude in complex form, which can be written by
E(z) = E0 e− jβ z (e jωt ).

(2.5)

This plane wave, E, has a propagation coefficient, β =2π/λm , and an angular frequency, ω=2π/f,
with a wavelength in a material, λm .
The wave’s amplitude varies with travel distances, being affected by propagation losses, am (λ ),
per unit length, such as scatterings, absorption, and a material optical gain, gm (λ ), by stimulation with an injected electric current. So a forward plane wave, Ef , propagating from a left-hand
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reflector (LHR) to a right-hand reflector (RHR) can be written as
E f (z) = E0 e(gm −am )z e− jβ z (e jωt ),

(2.6)

when the length of the laser is L. A wave function (reverse wave) reflected by RHR (z=L) is
described by
Er (z) = {E0 ρright e(gm −am )L e− jβ L }e(gm −am )(L−z) e− jβ (L−z) (e jωt ).

(2.7)

A reflection rate ρ right means a fraction of the light reflected by the RHR (z=L). Similarly, the
reverse wave propagates back to the LHR (z=0) and is reflected by it. the reflected reverse wave
turns to another forward wave again, and the wave function becomes
E0 = E0 ρle f t ρright e(gm −am )2L e− j2β L (e jωt ).

(2.8)

An amplitude condition under which the laser has stable oscillation is as follows.
ρle f t ρright e2(gm −am )L = 1.

(2.9)

Simultaneously, a phase condition for stable oscillation is as below.
e− j2β L = 1 or 2β L = 2Nπ
where the number, N, can be any integer.

(2.10)
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2.1.3.

Laser Structure

Vertical Confinement
As shown in Figure 2.7, a semiconductor laser has a form of a PIN diode that consists of
a wide, undoped intrinsic semiconductor region between a p-type semiconductor and an n-type
semiconductor regions. When forward-biased current is injected, electrons from the n-type doped
region to the active region and holes are injected into the active region from the p-type doped
region [20].

Figure 2.7: Schematic description of semiconductor laser diodes: (a) Laser device geometry
(b) Energy band structure (c) Spatial profile of the refractive index (d) Intensity profile of the
fundamental optical mode [20]
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Electrons and holes accumulate and are induced to recombine by the lasing optical field in the
same region. The energy released by this recombination is added coherently to the optical field.
In conventional semiconductor lasers, as shown in Figure 2.7, double heterostructures (DHS) are
usually used to confine injected electrons and holes and the optical field to the same spatial region.
Figure 2.8 shows schematic structures utilized as active layers for 3D bulk, 2D quantum wells, 1D
quantum wires, and 0D quantum dots, and their carrier density of states are plotted. Properties
of semiconductor structures are strongly dependent on carrier densities of states. These different
structures, in semiconductor lasers, result in different performance characteristics of the semiconductor lasers because of differences in their carrier densities of states, as shown in Figure 2.8. The
2D quantum well structure is utilized in this thesis as the active layer.

Figure 2.8: Schematic structures and corresponding carrier density of states for conditions [20]
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Horizontal Confinement
Figure 2.9 illustrates a straightforward way of providing horizontal optical and electron confinement in a laser. Contact is made to the top of the laser through a stripe etched through an insulating
oxide. Although current spreads out sideways under this contact, a peak carrier density is achieved
under the middle of the contact, where lasing filament has its maximum strength. Optical guiding in a junction plane is weak but adequate and is determined by a combination of gain guiding
and weak index guiding. Both of these guiding mechanisms are altered by temperature gradients,
carrier-density changes, and stress fields. A theoretical structure to solve this set of problems is

Figure 2.9: Schematic structure of a simple oxide-stripe laser [21]

a buried heterostructure (BHS), where an active region is surrounded on all four sides by materials of lower refractive index having larger bandgap. Figure 2.10 shows an example schematic
of buried heterostructures. However, technologies associated with manufacturing such devices are
complicated. In BHS GaAs lasers, semi-insulating GaAIAs regions force all injected current to
flow straight down through the active region, which typically is 2mm wide and 0.2um thick. In this
case, the active region is surrounded on all four sides by materials with broader bandgaps which
also have lower refractive indices, so forming an optical waveguide. This structures are more com-
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plicated in practice, especially in longer-wavelength systems such as InP/GalnAsP systems with
semiconductor current-blocking structures, which usually take the place of semi-insulating materials. These layers cause considerable junction capacitance, which reduces the ability for high-speed
modulation [21].

Figure 2.10: Schematic structure of a buried-heterostructure laser [21]

Another solution to the horizontal confinement problems is a ridge laser shown in Figure 2.11.
The ridge structures need only one epitaxial semiconductor growth process, and processing steps
are also relatively less complicated. Semiconductor current-blocking structures surrounding an
emitting spot do not exist, adding junction capacitance, so the stray capacitance is inherently low,
which means that the device is easy to modulate at high speed. However, the current confinement
stops just above the active layer, so sideways losses of the drive current occur, and carriers diffuse
away from under the ridge. Thus, ridge structures typically require higher current injection than
buried heterostructures. Optical fields with the ridge guide extend out toward regions where channels are etched. Refractive indices of the etched regions are lower than solid semiconductors. The
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effective refractive indices are lower at the edges than in the center, which provides the traditional
method for index waveguiding. However, the refractive index guiding depends on optical-field
profiles, which may vary with power levels [21].

Figure 2.11: Schematic structure of a ridge-waveguide laser [21]P

2.1.4.

Distributed Feedback Reflector

Bragg Grating
Where incident light is an incoming plane wave at an angle θ i , and an ”Mth-order” diffracted
plane wave emerges at an angle θ d , constructive interference between diffracted waves emanating
from adjacent elements of the gratings requires
Λ(sin θi + sin θd ) = Mλ

(M = 0, ± 1, ± 2, ...).

(2.11)

The integer, M, defines diffraction or phase shift in wavelengths between diffracted waves from
adjacent grating elements. λ is a wavelength of radiation. Λ is a period of gratings. Because Bragg
grating can select a specific frequency, a diffraction grating is embedded into a semiconductor
waveguide, as illustrated in Figure 2.12 Using Huygen’s principle for constructive interference
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Figure 2.12: Diagram of a diffraction grating [21]
from identical points but at different periods of gratings, which require the sum or difference of the
total optical path in radians to be integer multiples of 2π, as shown in Figure 2.12.
Λ sin θi Λ sin θd
+
= M.
λm1
λm2

(2.12)

The integer, M, defines a diffraction order. In general, effective wavelengths in guides are approximated as λm2 ≈ λm1 ≈ λm because of tiny differences in refractive indices. A laser with a feedback
waveguide requires θd ≈ θi ≈ π/2. A so-called Bragg condition can be derived from Eq. 2.12,
substituting λm2 and λm1 with λm , and θd and θi with π/2, as follows:
λb =

2Λne f f
,
M

(2.13)

where the effective index, ne f f , is a mean value of the refractive indices in the guide and relates a
free-space Bragg wavelength, λ b , with the corresponding a guide wavelength, λ m = λ b /neff .
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2.2.

Tapered Power Amplifier

Optical amplifiers are usually classified into traveling wave amplifiers (TWA) and Fabry-Perot
amplifiers. The Fabry-Parot amplifiers have significant reflectivities at their end facets, which resonate and amplify optical waves. On the other hand, the traveling wave amplifiers have minute
reflectivities at both ends, where incident signals are amplified during a single pass and are coupled out without any reflection [25]. One of the traveling wave amplifiers is a tapered amplifier
structure, initially proposed to overcome a decrease in extraction efficiency on scaling excimer
laser-amplifier length to a point where the product of a cavity length and absorption loss exceeds
unity [32]. Similar analyses of tapered laser amplifiers have been done in semiconductor-gain media. Initial experiments in monolithic-semiconductor MOPAs employed passive-tapered waveguides to provide adiabatic mode expansion of transverse modes at the amplifier input. The tapered
amplifier (TA) is designed to increase the amplifier’s mode size to obtain higher power output [23].
A basic tapered amplifier structure is displayed in Figure 2.13. The total derivative of I(z) in terms

Figure 2.13: Schematic structure of a linearly-tapered optical amplifier [25]

of x is expressed as
dI
=
dx



∂I
∂A



∂A ∂I
+
∂x ∂x

(2.14)
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In Eq. 2.14, the term, ∂ I/∂ x, corresponds to variation in intensity with x where the area A is an
constant. Using I(x) = P(z)/A(x), we find that axial dependence of power in the tapered amplifiers
is governed by
∂ I(x)
= [g(x) − α]I(x),
∂x

(2.15)

where α is a modal loss coefficient, x is a position coordinate along an axis of a laser cavity. g(x)
is a saturable gain coefficient which is given by
!
g0
− α P,
P
1 + A(x)I

dP
g(x) =
=
dx

(2.16)

S

where g0 is an unsaturated or small-signal gain coefficient and IS is saturation intensity, which is
the intensity where g(x) is reduced to the half value of the unsaturated gain g0 . For semiconductor
laser media, the unsaturated gain coefficient and the saturation intensity are found by

g0 = Γy σ


τηi J
− Ntr ,
ed

IS =

E
τσ

(2.17)
(2.18)

where σ is, as before, a differential gain or stimulated emission cross-section, τ is electron-hole
recombination time, d is a thickness of the diode laser active layer, ηi is the internal efficiency in
the stimulated emission regime, and Ntr is a transparent carrier density. Γy is a fractional overlap
of the optical mode with the active layer of the semiconductor laser structure defined by
´ +d/2
Γy =

2
−d/2 |ET (y)| dy
,
´ +∞
2
−∞ |ET (y)| dy

where d is a thickness of a quantum well and ET (y) is a transverse optical field.

(2.19)
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2.3.

Surface Polaritons

Surface Plasmon Polaritons (SPPs) are electromagnetic polarized collective charge-density oscillation waves that propagate, for instance, along with planar gain-loss interfaces, practically at
visible or infrared wavelengths. SPPs peak at interfaces and decay exponentially into both media [30].

2.3.1.

Wave Equation

Wave equations in a general form are first derived, which is applicable to the guiding of electromagnetic waves. The wave equations can be a starting point to investigate the physical properties
of surface plasmon polaritons. Maxwell’s equations in free space are as follow [33]:
∇·D = 0

(2.20)

∇·B = 0

(2.21)

∂B
∂t

(2.22)

∂D
∂t

(2.23)

∇×E = −
∇×H =

where there is no external charge and no current density. Eq. 2.22 can be combined with Eq. 2.23
to
∇ × ∇ × E = −µ0

∂
∂ ∂D
∂ 2D
(∇ × H) = −µ0
= −µ0 2
∂t
∂t ∂t
∂t

(2.24)

where dielectric displacement, D = εE. By using below identities:
∇ × ∇ × E ≡ ∇(∇ · E) − ∇2 E

(2.25)

∇ · (εE) ≡ E · ∇ε + ε∇ · E.

(2.26)
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Eq. 2.24 becomes


1
∂ 2E
∇ − E · ∇εr − ∇2 E = −µ0 ε0 εr 2
εr
∂t

(2.27)

where variation of ε = ε(r̄) over distances on the order of one optical wave length is negligible.
Eq. 2.27 can be simplified to
∇2 E(r̄,t) −

εr ∂ 2 E(r̄,t)
=0
c2 ∂t 2

(2.28)

√
where c = 1/ µ0 ε0 . Eq. 2.28 can be transformed to a so-called Helmholtz equation, Eq. 2.29,
assuming, in general, harmonic time dependence of electric fields is E(r̄,t) = E(r̄)e−iωt .
∇2 E(r̄) + k02 εr E(r̄) = 0

(2.29)

where k0 = ω/c is a wave number of a propagating wave in vacuum.

Figure 2.14: A Coordinate system of a planar waveguide [30]

Where a coordinate system of a planar waveguide is defined as Figure 2.14, there exists no variation in y-direction. Therefore a relative permittivity, ε, depends on z-direction as ε = ε(z). The
propagating waves can be described as
E(x, y, z) = E(z)eiβ x

(2.30)
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where the propagating constant of the traveling wave, β = kx , is a complex parameter. The desired
form of the wave equation is obtained, inserting Eq. 2.30 into the Helmholtz equation as below

∂ 2 E(z)
2
2
ε
−
β
E(z) = 0.
+
k
r
0
∂ z2

(2.31)

Explicit expressions need to be found to use the wave equation for determining spatial field profiles
and dispersion of propagating waves, using the curl equations, Eq. 2.22 and Eq. 2.23.
∂ Ez ∂ Ey
−
= iω µ0 Hx
∂y
∂z
∂ Ex ∂ Ez
−
= iω µ0 Hy
∂z
∂x
∂ Ey ∂ Ex
−
= iω µ0 Hz
∂x
∂y

(2.32)

∂ Hz ∂ Hy
−
= −iωε0 εr Ex
∂y
∂z
∂ Hx ∂ Hz
−
= −iωε0 εr Ey
∂z
∂x
∂ Hy ∂ Hx
−
= −iωε0 εr Ez .
∂x
∂y

(2.33)

For a propagation along the x-direction (∂ /∂ x = −iβ ) and homogeneity in the y-direction (∂ /∂ y =
0), Eq. 2.32 and Eq. 2.30 simplifies to
∂ Ey
= −iω µ0 Hx
∂z

(2.34)

∂ Ex
− iβ Ez = iω µ0 Hy
∂z

(2.35)

iβ Ey = iω µ0 Hz

(2.36)

∂ Hy
= iωε0 εr Ex
∂z

(2.37)

∂ Hx
− iβ Hz = −iωε0 εr Ey
∂z

(2.38)

iβ Hy = −iωε0 εr Ez .

(2.39)
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It shows that the system allows two sets of solutions, TM modes and TE modes. TM modes have
only the field components Ex , Ez , Hy being nonzero and TE modes have only Hx , Hz , Ez being
nonzero. The nonzero components of TM modes are as follows
Ex = −i

1 ∂ Hy
ωε0 εr ∂ z

(2.40)

β
Hy .
ωε0 εr

(2.41)

Ez = −
A wave equation for TM modes is


∂ 2 Hy
2
2
ε
−
β
k
Hy = 0.
+
r
0
∂ z2

(2.42)

The nonzero components of TE modes can be reduced as below:
Hx = i

1 ∂ Ey
ω µ0 ∂ z

(2.43)

Hz =

β
Ey .
ω µ0

(2.44)

A wave equation for TE modes is

∂ 2 Ey
2
2
+
k
ε
−
β
Ey = 0.
r
0
∂ z2

2.3.2.

(2.45)

SPPs at Single Interface

The output power peaks at the edges of the gain region in the active layer due to interface
polaritons, as discussed in Chapter 1. This observation is considered as the effects of SPPs at
interfaces. So, we first need to understand how the surface plasmon polaritons function on a single
interface. A simple geometry transporting SPPs is shown in Figure 2.15, between a dielectric halfspace (z > 0) with a positive real dielectric constant ε2 and the other conducting half-space (z < 0)
characterized by a dielectric function ε1 (ω). The metallic character requires that Re[ε] < 0 [30].
Where TM mode waves are in the dielectric medium (z > 0), TM mode solutions are as follow:
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Figure 2.15: Geometry for SPP propagation at a single interface [30]
Hy (z) = A2 eiβ x e−k2 z
1
k2 eiβ x e−k2 z
ωε0 ε2
β
Ez (z) = −A2
eiβ x e−k2 z .
ωε0 ε2

Ex (z) = iA2

(2.46)
(2.47)
(2.48)

Where TM mode waves are in the metallic medium (z < 0), TM mode solutions are as follow:
Hy (z) = A1 eiβ x e−k1 z
1
k1 eiβ x e−k1 z
ωε0 ε1
β
Ez (z) = −A1
eiβ x e−k1 z
ωε0 ε1

Ex (z) = iA1

(2.49)
(2.50)
(2.51)

where ki ≡ kz,i (i = 1, 2), which is a component of the propagation coefficient perpendicular to the
interface between the two media. By the continuity of Hy and εi Ez at the interface, we can have
A1 = A2

and

k2
ε2
=− .
k1
ε1

(2.52)

k1 and k2 have opposite signs, so it demands Re[ε1 ] < 0 if ε2 > 0, which means that the SPPs are
only excited at interfaces between materials with opposite signs of the real part of their dielectric
permittivities. By inserting the expressions of Hy , Eq. 2.46 and Eq. 2.49 into Eq. 2.42
k1 2 = β 2 − k0 2 ε1

(2.53)
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k2 2 = β 2 − k0 2 ε2 .

(2.54)

We can derive a dispersion relation of SPPs excited at the interface between the two half-spaces,
combining Eq. 2.53, Eq. 2.54, and Eq. 2.52.
r
β = k0

ε1 ε2
.
ε1 + ε2

(2.55)

If we similarly repeat the TE mode wave equation process, we can readily figure out that the surface
plasmon polaritons are not excited by TE polarization.

2.3.3.

SPPs in Multi-layer

Our interest is only in the lowest-order bound mode, so we start with a general description of
TM modes that are non-oscillatory in the z-direction normal to interfaces, using Eq. 2.46, Eq. 2.47,
Eq. 2.48. We can consider three regions consisting of a thin layer I sandwiched between two infinite
half spaces II and III, as shown in Figure 2.16, where z > a, z < −a, and a > z > −a. For z > a,
we have:
Hy (z) = Aeiβ x e−k3 z
Ex (z) = iA

(2.56)

1
k3 eiβ x e−k3 z
ωε0 ε3

(2.57)

β
eiβ x e−k3 z .
ωε0 ε3

(2.58)

Ez (z) = −A
For z > −a, we have:

Hy (z) = Beiβ x e−k2 z
Ex (z) = iB

(2.59)

1
k2 eiβ x e−k2 z
ωε0 ε2

(2.60)

β
eiβ x e−k2 z .
ωε0 ε2

(2.61)

Ez (z) = −B

30

Figure 2.16: Geometry of a three-layer system. Two cases are considered: a thin metallic core
layer (I) sandwiched between two thick dielectric claddings (II, III), and a thin dielectric core
layer (I) sandwiched between two metallic claddings (II, III) [30]
For a core region, −a < z < a, Equations can be obtained as sums of two models at two interfaces,
top and bottom. which is as ensues
Hy (z) = Ceiβ x ek1 z + Deiβ x e−k1 z
1
1
k1 eiβ x ek1 z + iD
k1 eiβ x e−k1 z
ωε0 ε1
ωε0 ε1
β
β
Ez (z) = C
eiβ x ek1 z + D
eiβ x e−k1 z .
ωε0 ε1
ωε0 ε1

Ex (z) = −iC

(2.62)
(2.63)
(2.64)

The first terms are for waves at the interface between the core layer I and the cladding layer II, and
the second terms at the interface between the core layer I and the cladding layer III in Eq. 2.62,
Eq. 2.63, Eq. 2.64. From the boundary condition of continuity of Hy and Ex , we can lead to
Ae−k3 a = Cek1 a + De−k1 a

(2.65)

A
C
D
k3 e−k3 a = − k1 ek1 a + k1 e−k1 a
ε3
ε1
ε1

(2.66)
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at z = a;
Be−k2 a = Ce−k1 a + Dek1 a

−

B
C
D
k2 e−k2 a = − k1 e−k1 a + k1 ek1 a
ε2
ε1
ε1

(2.67)

(2.68)

at z = −a. Inserting the four coupled expressions of Hy into Eq. 2.42, we can yield
ki2 = β 2 − k02 εi

(for i = 1, 2, 3).

(2.69)

We can result in Eq. 2.70, solving the system of linear equations, Eq. 2.65, Eq. 2.66, Eq. 2.67, and
Eq. 2.68.
e−4k1 a =

k1 /ε1 + k2 /ε2 k1 /ε1 − k3 /ε3
.
k1 /ε1 − k2 /ε2 k1 /ε1 + k3 /ε3

(2.70)

Eq. 2.70 is an implicit expression of dispersion relations between β and ω. Where the substrate
and superstrate are equal in respect of their relative permittivities ε2 = ε3 and wave vectors k2 = k3 .
The dispersion relation can be separated into a pair of equations [30].

2.3.4.

tanhk1 a = −

k2 ε1
k1 ε2

(2.71)

tanhk1 a = −

k1 ε2
k2 ε1

(2.72)

SPs at Gain-Loss Interfaces

Yadong Xu et al., published a theory for undamped SPs on gain-loss interfaces [34], which
emerge on not only metal-dielectric interfaces but also all-dielectric interfaces. It suggests that SPs
can be excited at the interfaces between the gain and loss media in the amplifiers.

32

Lossless Surface Polaritons and Condition
Where a flat interface exists between a gain medium with a complex relative permittivity, ε1
= |ε1 |eiα1 , and a loss medium with a complex relative permittivity, ε2 = |ε2 |eiα2 , and both media
have the same permeability, µ = 1. We can calculate the only solution for the surface polaritons
which has transverse magnetic (TM) polarization and a wave vector (Section 2.3.2), where ω and c
are a frequency and light velocity in a vacuum, respectively. Because some complex permittivities
often yield damping surface polaritons, the wave vector of SPs can be rewritten to find undamped
solutions as follows [34]
p r η
β = k0 |ε1 |
,
ξ − iγ

(2.73)

where η ≡ |ε2 /ε1 |, undamped solutions require that
γ ≡ sin(α2 ) + ηsin(α1 ) = 0

(2.74)

ξ ≡ cos(α2 ) + ηcos(α1 ) > 0.

(2.75)

A regime, −π/2 ≤ α1 < 0, considered as a gain medium is dielectric. For each given α1 , the loss
medium permittivities ε2 draw a broken circle in a complex plane, following a condition of lossless
SPs. Assuming |ε1 | = 1 for simplicity, Eq. 2.74 can be rewritten as
(Re[ε2 ])2 + (Im[ε2 ])2 = rε2

(2.76)

where rε = 1/|2sin(α1 )| is the radius of a broken circle.
Figure 2.17(a) shows strong light trapping can be obtained at a gain-loss interface when SPs
are excited. SPs decay rapidly as distances from interfaces increase. Figure 2.17(b) shows that
lossless SPs are observed only when the permittivity of the loss medium, ε2 = |ε2 |eiα2 , follows the
broken circle, the so-called relationship circle, on the complex plane, with the permittivity of the
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Figure 2.17: (a) Schematic of SPs at a gain-loss interface with TM polarization. (b) Plot of
conditions for lossless SPs [34]
gain medium ε1 = |ε1 |eiα1 where α1 and α2 are phases determining the relationship between real
and imaginary parts of the permittivities of the gain and loss medium, respectively. The broken
circle starts from ε2 =0 and terminates at the second quadrant of a dashed unit circle, |ε1 |=|ε2 | ≡
1. An example pair of gain (ε1 ) and loss (ε2 ) media is indicated by dotted arrows, which support
lossless SPs on a interface [34].

Physical mechanisms
Lossless magnetic fields can be written as
− →
−
N →
→
− →
H =−
en √ ei β · r e−κ j |z|
A

(2.77)

→
−
where en = ez × eβ , with eβ = β /β being a propagation direction of a surface wave, and A is a
area of a interface. The magnetic fields are at the interface and perpendicular to the wave vector.
Complex damping coefficients, κ j , for the gain and loss media, with j = 1, 2, respectively.
q
κ j = β 2 − ε j k02 .

(2.78)
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A normalization factor is
s
N=

Re[κ1 ]Re[κ2 ]
Re[κ1 ] + Re[κ2 ]

s

h̄ω
µ0

(2.79)

µ0 is the vacuum permeability.

Figure 2.18: (a)–(d) Magnetic field Hy patterns in the x-z plane for lossless SPs propagating
along the x direction n for α2 = 0.1π, π/6, 0.4π, and 0.8π, respectively (e)–(h) Corresponding
charge density profiles across the interface, when α1 = −π/6 and the wavelength, λ = 2π/k0 ,
in vacuum. [34]

For the gain medium, the wave vector along the z-direction is b1 = Im[κ1 ], and for the loss
medium, b2 = Im[κ2 ]. b1 , b2 > 0 since Im[ε1 ] < 0 and Im[ε2 ] > 0 from Eq. 2.78. The perpendicular
wave propagation is a signature of the SPs at the gain-loss interfaces because of energy flowing
from the gain medium to the loss medium. When Re[ε2 ] is near zero or even positive, the tilted
propagation of the SPs becomes prominent, as shown in Figure 2.18(a) - Figure 2.18(d).
SPPs emerge by two factors, accumulation of surface charge and plasmonic oscillation. However, this does not explain the formation of surface EM modes on the interface between two dielectric materials, with the plasmonic oscillation. Surface charge accumulation can emerge in gain-loss
interfaces between two dielectric media. The surface charge density profiles |ρe(z)| are plotted in
Figure 2.18(e) - Figure 2.18(h).
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Figure 2.18(d) and Figure 2.18(h) show a magnetic field, Hy , pattern (b2 > b1 ) and a surface
charge profile for a dielectric-metal interface (α2 > π/2), which has strong light trapping. Although Figure 2.18(c) and Figure 2.18(d) are counterparts for all-dielectric interface (α2 < π/2),
We can see that the magnetic field Hy pattern and the surface charge profile at the all-dielectric interface are similar to those at the dielectric-metal interface, which means that SPs can be obtained
at all-dielectric interfaces. [34]
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3.

DESIGN
Master oscillator power amplifier (MOPA) systems, using semiconductor techniques, have

many advantages, as mentioned in Chapter 1. The fundamental transverse Gaussian mode is considered ideal laser output because such a beam can focus on the most concentrated spot. However, all slow-axis far-field mode profiles of standard designs (afterward called ”Standard design”)
have laterally developed edge fields, which are observed as fairly double-lobed or second-orderlike. My MOPA design (afterward called ”Rose design”) aims to improve the mode profile of
the laser’s output, which means that the output profile of the laser is similar to the fundamental
transverse Gaussian mode. Both MOPA’s materials consist of Gallium Indium Arsenide Phosphide (Gax In1−x Asy P1−y ) composition as an active layer, Indium Phosphide (InP) as waveguide
and cladding layers, and Gold (Au) as metal contacts. A layer schematic and a MOPA laser chip
on a submount are shown in Figure 3.1 and Figure 3.2.

Figure 3.1: Schematic of the semiconductor master oscillator power amplifier
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Figure 3.2: Semiconductor master oscillator power amplifier die
The P-side contact is down when the die is attached to a submount, as seen in Figure 3.1,
which has the advantage that thermal control is easier. The active layer is closer from the P-side
contact than the N-side contact to a heat sink due to a thick substrate. As a result, the quality of
semiconductor lasers are susceptible to thermal characteristics of the systems. The N-side metal
contact is connected with a couple of wire bondings to the N-pad, which also helps current injection
be evenly applied to the active layer so that the thermal characteristic is affected less by the current
injection concentration.
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3.1.

Design of Master Oscillator

A schematic of master oscillator layers is shown in Figure 3.3 and Figure 3.5. A master oscillator is designed to provide a small power single-wavelength laser source to the power amplifier for
both designs, Standard design and Rose design. The master oscillator has a width of 3.5 µm and a
length of 2 mm.

Figure 3.3: Schematic operation and current injection of master oscillator

Light with a single wavelength from the active layer is confined in an upper waveguide layer
with Bragg grating and a lower waveguide layer. The thicknesses of the two waveguide layers are
asymmetric to avoid even-order modes in both designs, Standard design and Rose design [35]. An
optical intensity and index plot in the active and waveguide regions of an example of asymmetric
quantum well structure is shown in Figure 3.4.
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Figure 3.4: Optical intensity and refractive index plot of an example of asymmetric quantum
well structure. The upper waveguide with Bragg grating is thicker than the lower waveguide
to avoid even higher-order modes

The waveguide with Bragg grating creates a resonant cavity and a lasing effect, as shown in
Figure 3.5, where a free-space Bragg wavelength, λb , is 1.550 µm, a grating period, Λ, is 220.1
µm. The mean refractive index, ne f f , of waveguide layers with Bragg grating is 3.4536. the length
of the laser is 2 mm.

Figure 3.5: Schematic operation of Bragg grating inside the master oscillator
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3.2.

Design of Power Amplifier

The author collaborated with Freedom Photonics to modify some of their MOPA systems to
meet the research needs. The main difference of my MOPA (Rose design) from the conventional
MOPA (Standard design) is a peculiar amplifier design, which has two regions in its active layer:
a central unpumped gain region; pumped gain regions. Two sizes of the unpumped regions are
designed in the amplifier. However, only one was used for data collection because the larger angle
was clearly inferior. The unpumped region that tested in this study is tapered over a length of the
amplifier, 2 mm, with an angle of 0.13° from 1 µm at an input facet to 10 µm at an output facet,
in the middle of the gain region of the active layer, as shown in Figure 3.6. The pumped regions
are tapered over the length of the amplifier, 2 mm, with an angle of 1.96° from 3.5 µm at the input
facet to 140 µm at the output facet, except the unpumped region in the middle. The pumped region
acts as a dielectric gain medium, and the unpumped pumped region is a dielectric loss medium.
The active layer is based on a single quantum well layer. Optical coupling is allowed from the
active layer to the underlying and overlying waveguide layers, which are also asymmetric like the
waveguide layers in the master oscillator. This structure provides high optical confinement by the
index mismatch in the layers.
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(a)

(b)

(c)

Figure 3.6: Schematic layers of the power amplifier (a) Side view of Amplifiers (b) Active
layer cross-section of Standard design (c) Active layer cross-section of Rose design
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A mesa structure controls current injection to the pumping region in the active layer, as shown in
Figure 3.7, because the current flow is quite directional enough to supply carriers to the particular
region. The widths of 1 µm at the input facet and 10 µm at the output facet are expected to
guarantee the gap big enough to supply the current injection selectively. Interface polaritons are
excited at interfaces between the unpumped region and the pumped region. Rose design is designed
to improve the double-lobed shape output profile to the more fundamental-order-like shape. The
input and output facets of the amplifier have anti-reflecting coatings so that the traveling wave
does not resonate in the active layer. Reflectors create the amplifier resonant cavity, which lases
the optical power. The high optical intensity inside the active layer saturates the gain, which is the
”so-called” spatial hole burning [36].

(a)

(b)

Figure 3.7: Schematic front view of the power amplifier layers (a) Standard design (b) Rose
design
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4.

SIMULATION
In COMSOL Multiphysics, simulations using Electromagnetic Waves, Frequency Domain (ewfd)

of Wave Optics are performed to evaluate the tapered amplifier’s electric field distribution. Two
different models are designed: one is the conventional tapered amplifier (Standard design), and
the other has a central unpumped gain region in the active layer (Rose design). Dimensions of the
whole system to be simulated have a length of 2 mm and a width of 450 µm, as shown in Figure 4.1.
It is large enough to cause memory problems during calculations. So, the simulation is separated
into two steps named Simulation 1 (Entry model) and Simulation 2 (Exit model). An entry model
is performed about a region from an input facet (L = 0 mm) of the amplifier to 44.33 µm far from
the input facet. Simulation 2 (Exit model) is performed about a region from 10.00 µm before an
output facet to the output facet (L = 2.00 mm). The simulation is performed with Standard design
and Rose design both. The baseline parameters of this simulation are listed in Table 4.1.

Figure 4.1: Schematic of the entire tapered power amplifier
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Parameter

Value

Unit

Wave constant

4.05E6

Angle of the tapered gain medium

1.95

[degree]

Angle of the tapered unpumped gain medium

0.13

[degree]

Length of the amplifier of Entry model (L1)

44.33

[µm]

Length of the amplifier of Exit model (L2)

10.00

[µm]

Radius of the Gaussian beam

1.75

[µm]

Thickness of AR coating

0.21

[µm]

Wavelength of interest in vacuum

1.55

[µm]

Wavelength of interest in GaInAsP

0.48

[µm]

Frequency of interest

193.41

[THz]

Electric field amplitude

2573.10

[V/m]

Table 4.1: Parameters of the simulation

4.1.

Geometry

Slow axis profiles of the laser systems are of interest. The slow axis is parallel to the plane
that the laser is mounted on. Thus, the simulation is performed using two-dimensional analysis to
reduce calculating time and memory usage. The geometries of Standard design and Rose design
for Entry model and Exit model are shown in Figure 4.2 and Figure 4.3, respectively. The modeling
sizes of the amplifiers are all the same as the actual device except for the length of the amplifier to
avoid the memory problem. The central unpumped region is inserted into the conventional tapered
amplifier (Standard design) designed by Freedom photonics. There are two parameters to modify
Standard design: the unpumped region’s widths at the input facet and the output facet. The width
of the amplifier at the input facet is 1 µm to guarantee enough gap in the P-contact of the amplifier
to prevent the current injection flow across the unpumped region. The widths at the output facet
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are 10 µm and 14 µm to observe the effects of the tapered angle. However, only one was used for
data collection because the larger angle was clearly inferior.

(a)

(b)

Figure 4.2: Geometry of the simulation modeling around the input region (Entry model). (a)
Standard design (b) Rose design

Standard design in Simulation 1 (Entry model) is tapered over a length of 44.33 µm (L1) from
a width of 3.50 µm at the input facet (L = 0.00 mm) to a width of 6.54 µm at the output facet
(L = 44.33 µm), with an angle of 1.96°, and Rose design additionally has a central unpumped
region that is tapered over L1 from a width of 1.00 µm at the input facet and a width of 1.20 µm at
the output facet.
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(a)

(b)

Figure 4.3: Geometry of the simulation modeling near the output region (Exit model). (a)
Standard design (b) Rose design

Standard design in Exit model is tapered over a length of 10.00 µm (L2) from a width of 1.39
µm at an enter facet (L = 1.99 mm) to a width of 140.00 µm at an exit facet (L = 2.00 mm), with
an angle of 1.96°, and Rose design in Exit model additionally has a central unpumped region that
is tapered over L2 from a width of 9.91 µm at the enter facet (L = 1.99 mm) to a width of 10.00
µm at the exit facet (L = 2.00 mm).
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4.2.

Gain of Media

A refractive index of a medium is a function of the current flowing through the medium. When
carriers are injected, the medium becomes a gain or loss medium depending on the current injection, determining whether there is gain. The refractive index of the medium, in general, is as
follows:
n = nr − ini .

(4.1)

The complex part, ni , tells whether the medium is absorbing or amplifying. If ni is greater than
0.00, it is absorbing, and less than 0.00, it is amplifying. A plane wave can be written as
ψ = Aei(ωt−kz) ,

(4.2)

where k = k0 (nr − ini ) is the wave constant, A is the amplitude of the wave function, and z is the
travelling distance of the wave. The wave equation can be expressed as
ψ = Ae−ik0 nr e−k0 ni z eiωt .

(4.3)

The intensity of wave equation is as follows:
I = |ψ|2 = A2 e−2k0 ni z .

(4.4)

Eq. 4.4 shows that intensity, I, of a wave increases or decreases with the distance, z, depending on
the imaginary refractive index, ni . Modeling of amplifiers, using this principle of refractive indices,
is simulated based on the Kramers-Kronig relation. The refractive indices and relative permittivities of media are listed in Table 4.2. Sadao Adachi discussed optical properties of In1−x Gax Asy P1−y
alloys in 1989 [37]. The method described in the thesis is used to calculate a refractive index of
In1−x Gax Asy P1−y lasing a wavelength of 1550 nm. A python script is listed in Appendix C. A
refractive index of the gain region In1−x Gax Asy P1−y is decided to follow the so-called relationship
circle introduced in Figure 2.17(b).
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Parameter

Value

Refractive index of GaInAsP

3.4536 + i0.01804

Refractive index of GaInAsP with pumping

3.4536 - i0.02283

Refractive index of AR coating

1.803

Air

1.000

Table 4.2: Refractive indices of the simulation

4.3.

Boundary Condition

A scattering boundary condition is applied to absorb output from the amplifier, which prevents
the output light from bouncing back into the amplifier. Perfectly matched layers (PML) require
more memories than the scattering boundary condition, so the simulation area should be smaller
under limited memory conditions when PMLs are utilized. The setting and geometry are shown in
Figure 4.4

(a)

(b)

(c)

(d)

Figure 4.4: (a) Model tree of Scattering boundary condition (b) Setting of Scattering boundary condition (c) Geometry of Scattering boundary condition (Standard design) (d) Geometry of Scattering boundary condition (Rose design)
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4.4.

Input Source

TE and TM Gaussian waves are simultaneously applied to the input facet as an input source
using a scattering boundary condition under Electromagnetic Waves, Frequency Domain. The
radius of the Gaussian beam from the master oscillator is 1.75 µm and focused on the enter facet of
the entire amplifier system, as shown in Figure 4.5. Figure 4.5(a) shows the setting of the scattering
boundary condition for Gaussian beam source as an input source. All the same input sources are
applied to four models. The input source profile is displayed in Figure 4.5(b). Focal planes of the
Gaussian beams and scattering boundary conditions are shown in Figure 4.5(c) and Figure 4.5(d)
for Entry model and Exit model, respectively

(a)

(b)

(c)

(d)

Figure 4.5: (a) Setting of scattering boundary condition for Gaussian beam source (b) Input
source profile at the focal plane of Gaussian beam (c) Geometry of Scattering boundary condition as an input source (Entry model) (d) Geometry of Scattering boundary condition as
an input source (Exit model)
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4.5.

Output Distribution

In this section, simulations of a conventional tapered amplifier (Standard design) and a tapered
amplifier with an unpumped region (Rose design) are shown separately. The figures show 2D
distributions of electric fields on devices and line plots of far-field distributions in Entry model
and Exit model. An air gap region with a length of 10λ0 (λ0 = 1.550 µm) is added to observe the
far-field of each simulation. The line plots of the far-fields are observed on boundaries shown in
Figure 4.6.

(a)

(b)

(c)

(d)

Figure 4.6: Domain selection of the far-field measurement (a) Standard design in Entry
model (b) Rose design in Entry model (c) Standard design in Exit model (d) Rose design
in Exit model
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4.5.1.

2D Distribution of Optical Intensity

In Entry model (from L = 0.00 µm to L = 44.33 µm) and Exit model (from L = 1.99 mm to
L = 2.00 mm), 2D optical strength distributions of Standard design and Rose design are shown
in Figure 4.7. Optical intensities are represented in color, and the intensities according to color
variation are shown in the legend.

(a)

(b)

(c)

(d)

Figure 4.7: 2D schematic distributions of the optical intensity, I (a) Standard design in Entry
model (b) Standard design in Exit model (c) Rose design in Entry model (d) Rose design in
Exit model. The scales of color legends are different on the four simulations to show the clear
color variation. Rose design has an output power with the order of 106 (Entry model) and
104 (Exit model) compared to Standard design with the order of 105 (Entry model) and 103
(Exit model)
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Figure 4.7(a) shows a 2D optical intensity distribution of Standard design in Entry model. From
the distribution diagram, we can see the optical output intensity is amplified at the edges of the gain
region. The amplified light passes through the interval between Entry model and Exit model and
reaches the input plane of Exit model (L = 1.99 mm). Figure 4.7(b) shows a distribution plot for
light propagating through the Exit model region. From Figure 4.7(b), it is observed that the robust
side peaks developed in Entry model are maintained and developed more broadly. Comparing a
distribution of Rose design shown in ( Figure 4.7(c)) with the distribution of Standard design, highpowered peaks are still found on the sides of the gain area in Rose design, which is the same as
Standard design. However, another peak in the center is observed to develop strongly. Figure 4.7(d)
shows that the optical power is amplified at the central interfaces, which is shown as red spots in
the plot.

4.5.2.

Far-Field Distribution Diagram

2D optical intensity distribution diagrams help us understand how the devices work as a whole.
However, the 2D optical intensity distribution plots are limited to closely monitoring the output of
the devices. Thus, far-field output powers of Standard design and Rose design are derived using
the line graph from the 2D output power distribution, as shown in Figure 4.8.
Figure 4.8(a) shows an intensity distribution diagram of light obtained from a simulation performed on the Entry model zone with Standard design. Three peaks are observed: the two peaks
that occur at the gain-loss interfaces and a peak by the light passing through the center of the amplifier. Among them, we can see that the intensities of the light at the boundaries are significantly
greater than the intensity of the center. Therefore, the output distribution of the device forms the
double-lobed profile. Figure 4.8(b) illustrates an intensity distribution plot of light simulated in
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(a)

(b)

(c)

(d)

Figure 4.8: Schematic far-field distribution plot of the output power, I (a) Standard design
in Entry model (b) Standard design in Exit model (c) Rose design in Entry model (d) Rose
design in Exit model
Exit model with Standard design. It can be seen that the distribution plot differs from the distribution plot in Entry model. This is because the Gaussian wave propagates and diverges from the input
facet with a radius of 1.75 µm. In addition, in Entry model, the width of the central loss medium
is 1 µm, and the width of the gain medium is 3.5 µm. The ratio of the width of the gain medium
to the width of the loss region is greater than that of Exit model, where the width of the central
loss medium is 10.00 µm, and the width of the gain medium is 140.00 µm. Figure 4.8(b) shows
a similar profile to the far-field distribution in which powerful light is developed in the side interfaces mentioned in Chapter 1. Figure 4.8(c) shows an optical intensity distribution diagram when
simulated with Rose design in Entry model. Unlike Standard design that strong peaks develop in
the side areas, the intensity of light propagating through the center of the amplifier is stronger than
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the intensity of light passing through the sides of the gain medium. Figure 4.8(d) shows an optical
intensity distribution diagram when simulated with Rose design in Exit model. The intensities of
light passing through the side boundaries are powerful as Standard in Entry model. Nevertheless,
the power at the side interfaces is not that dominant over the power around the side interfaces, and
more significant power is developed in the middle area of the plot.

4.6.

Maximum Width of Central Loss Medium Region

The width of the central unpumped region is critical for Rose design because interface polaritons confine nearby the gain-loss interfaces and reduce as the distances are far from the interface.
So, a simulation is performed to verify the effect of the excited interface polaritons at the interface of the unpumped central region. Figure 4.9(a) shows the entire geometry of long-bar-shaped
modeling. The blue part of the center is not pumped, and a numerical mode of 1 W passes through
the central loss part from left to right to observe the interface polaritons. Figure 4.9(b) shows the
magnified geometry nearby the central unpumped region to help understand the geometry of the
design.

(a)

(b)

Figure 4.9: Geometry of modeling for the width of the central unpumped region (a) Entire
geometry of a long-bar-shaped model (b) Enlarged partial geometry nearby the central loss
medium region
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Figure 4.10 shows a distribution of magnetic field (Hz ) observed when IPs are excited. IPs
appearing at both interfaces touch each other and form a single line to create stripes inside the loss
medium.

Figure 4.10: 2D distribution of the magnetic field (Hz ) on the central loss medium

Figure 4.11(a) shows a domain to observe a line graph of a magnetic field (Hz ). Figure 4.11(b)
displays a magnetic field distribution of the location described in Figure 4.11(a), which reveals
that the amplitude of the magnetic field gradually decreases between two interfaces. On the other
hand, a sharp decrease is observed when getting away from the outside of the two interfaces.
When the width of the central loss medium is greater than 10 µm, the central power, between
two interfaces, increased by Interface polaritons (IPs) is lower than half of the IPs power at the
interface. Therefore, the smallest width of the central loss region is required to achieve the best
performance.
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(a)

(b)

Figure 4.11: Line graph of the magnetic field of IPs (a) Observation domain of the magnetic
field (Hz ) (b) Line plot of the magnetic field of IPs excited at the interfaces depending on the
width of central loss region: 2 µm (Blue); 6 µm (Green); 10 µm (Red); 14 µm (Light blue); 18
µm (Purple)
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5.

EXPERIMENT
An experimental setup is arranged as shown in Figure 5.1, and its block diagram is described in

Figure 5.2. The equipment consists of two current controllers, a heat sink, a temperature controller,
a laser diode mount, probes, two collimating lenses, a fiber collimator, and an optical spectrum
analyzer.

Figure 5.1: Setup of Experiment

Figure 5.2: Experimental setup block diagram
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5.1.

Temperature Control

Laser diodes are mounted on a gold block using a thermal paste to increase heat transfer efficiency from the laser diode to a heat sink, as shown in Figure 5.3. The temperature of the heat sink
module is controlled by a high-power temperature controller, Figure 5.4. The temperature of the
heat sink is maintained to 15.00 ± 0.05 °C.

(a)

(b)

(c)

Figure 5.3: System of the temperature control system (a) Heat sink block (b) Front view of a
negative temperature coefficient thermistor system (c) Top view of the negative temperature
coefficient thermistor system
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Figure 5.4: ILX Lightwave LDT-5980 High power temperature controller

5.2.

Current Injection

Two laser controllers are employed in this experiment. A laser controller, which controls the
output of the master oscillator current, is set to supply a continuous wave function of 100.00mA
to the master oscillator, Figure 5.5(a). The other laser controller, Figure 5.5(b), is set from 1.50
to 2.50 A to observe the amplifier’s electric field modes. By manipulating the current injection
from the laser diode controller to the amplifier, contribution changes of amplitude peaks can be
observed and measured according to each wavelength. Figure 5.6 shows that probes are connected
to the laser diode to inject current.

5.3.

Setup for Spectrum measurement

Output beams of diode lasers have astigmatism between slow-axis and fast-axis. So, a planoconvex lens, with a focal length of 5.00 mm, and a cylindrical plano-convex lens, with a focal
length of 17.00 mm, are utilized to have collimated light. The light is coupled to a fiber through a
collimator. Then, the fiber is connected to an optical signal analyzer (OSA). The pumping currents
of 300 mA on MO and 1.50 to 2.50 A on PA are applied to the MOPA.
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(a)

(b)

Figure 5.5: (a) ILX Lightwave LDC-3722B Laser diode controller (b) ILX Lightwave LDX36000 High power laser diode current source

Figure 5.6: Current injection on the laser diode
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(a)

(b)

(c)

Figure 5.7: (a) Collimating lenses (b) Fiber collimator (c) Yokogawa AQ6370C 600-1700 nm
Optical spectrum analyzer
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5.4.

Setup for Far-Field Measurement

Divergent beams from lasers are measured, which have wide divergence because of narrow
emitters. A laser diode with an active layer emits coherent light with far-field angular divergence
in a plane. The angular divergence determines a far-field radiation pattern. Because the active
layer size is small, laser diodes are characterized more significantly by angular divergence than
other standard lasers. A detector (Figure 5.8(d)) is set on a rotation stage by connecting it with
four long posts, and a 200 µm slit is used in front of the detector, as shown in Figure 5.8(a).
A schematic of far-field measurement is illustrated to help understand the measuring process in
Figure 5.8(b).

(a)

(b)

(c)

(d)

Figure 5.8: (a) Experimental setup of far-field measurement (b) schematic of far-field measurement (c) Rotation stage (d) InGaAs photodetector with a 200 µm slit
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6.

RESULTS

6.1.

LIV

Freedom Photonics performs the Light-current-voltage tests of Standard design and Rose design. Semiconductor lasers have light characteristics against current, which is the so-called threshold current, Figure 6.1 shows optical power and voltage against a current. Quasi-continuous wave
currents are applied to the devices.

(a)

(b)

Figure 6.1: Light Intensity-Voltage vs. Current (a) Standard design (b) Rose design

The threshold current is measured to 1.10 A, and the series resistance calculated with the slope
of voltage in the stimulated emission region is 0.194 Ω for Standard design. The counterparts of
Rose design are measured as 0.90 A and 0.588 Ω.
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6.2.

Far-Field Measurement

An InGaAs detector with the 200um slit measures far-field output profile, as described in Section 5.4. Measurements of Standard design and Rose design are shown in Figure 6.2(a) and Figure 6.2(b), respectively. Standard design’s far-field mode profile is observed as double-lobed, as
mentioned in Chapter 3. However, Rose design shows that light from the central region is developed more than the edges, and the far-field mode profile of Rose design appears closer to the
fundamental transverse Gaussian mode than that of Standard design. Based on repeated far-field
measurement results, measurement quality error is observed as about 9% for Standard design and
12% for Rose design.

(a)

(b)

Figure 6.2: Far-field output measurement profile of MOPA applied a current of 300.00 mA
on MO and 2.00 A on PA (a) Standard design (b) Rose design
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6.3.

Spectrum Measurement

Optical spectra of two different devices are measured with a couple of the experimental equipment as explained in Section. 5.3. The optical power spectrum can be measured to analyze resonance frequencies using an optical spectrum analyzer (OSA) under different pumping conditions.

(a)

(b)

Figure 6.3: Spectrum measurement profile of the power amplifier depending on the current
applied on PA, with a current of 300 mA on MO: 1.50 A (Blue), 1.70 A (Orange), 2.00 A
(Grey), 2.30 A (Yellow) (a) Standard design (b) Rose design

A trend plot of the spectrum measurement profiles of the devices is shown to help understand
how resonance axial resonance wavelengths are stable according to current injections in Figure 6.4.
Rose design’s resonance wavelengths stay between 1550.532 and 1550.604 nm (0.072 nm) after
the resonance wavelength is shifted from 1546.755 to 1550.548 nm. On the other hand, Standard
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design has a wide range of resonance wavelengths.

Figure 6.4: Trend diagram of the axial resonance wavelengths, with different currents (from
1.50 to 2.30 A) on PA, Standard design (Square); Rose design (Diamond)

Axial resonance wavelengths of Standard design and Rose design depending on current applied
on PA are listed in Table 6.1.
Current

Standard design

Rose design

1.50 A

1542.507 nm

1546.755 nm

1.70 A

1542.499 nm

1550.548 nm

2.00 A

1534.969 nm

1550.532 nm

2.30 A

1538.8018 nm

1550.604 nm

Table 6.1: Axial resonance wavelength depending on currents applied on PA, with a current
of 300.00 mA on MO
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(a)

(b)

Figure 6.5: Spectrum measurement profile of Standard design pumped by a current of 300.00
mA on MO and 2.50 A on PA (a) Standard design (b) Rose design

When currents of 300.00 mA on MO and 2.50 A on PA are applied to Standard design and
Rose design, Standard design has one resonance wavelength, 1538.770±0.008 nm (Figure 6.5(a)).
Rose design has an axial resonance wavelength, 1550.668±0.008 nm, with other many modes:
1539.250, 1542.987, 1546.819, and 1554.341 nm (Figure 6.5(b)). Having a low-order mode profile
is crucial to have a high-quality laser beam. Under the condition shown in Figure 6.5, more highorder modes are developed in the spectral distribution of Rose design, which means that the laser
beam quality of Standard design is better than that of Rose design above 2.30 A.
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6.4.

Full Width at Half Maximum

Full widths at half maximum are measured on a condition that currents of 300.00 mA and 2.00
A are applied on MO and PA, respectively, as shown Figure 6.6. A method calculating the FWHM
of devices from measured spectrum data is explained in Appendix B.

(a)

(b)

Figure 6.6: Full width at half maximum from the spectrum profile measurement (a) Standard
design (b) Rose design
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Figure 6.7 shows trends of FWHM and its average depending on the current applied on both
designs. Rose and Standard designs’ averages FWHMs are measured as 0.1346 nm and 0.1348
nm, respectively. The average FWHM of Rose design is 0.0002 nm wider than that of Standard
design. Full widths at half maximums of two devices depending on the current applied on PA are
listed in Table 6.2

Figure 6.7: Diagram of the FWHM trends and averages, with different currents (1.50 - 2.50
A) on PA, the trend of Standard design (Diamond); the trend of Rose design (Square); the
average of Standard design (Triangle); the average of Rose design (Circle)

Current

Standard design

Rose design

1.50 A

0.099 nm

0.110 nm

1.70 A

0.127 nm

0.115 nm

2.00 A

0.134 nm

0.150 nm

2.30 A

0.143 nm

0.165 nm

2.50 A

0.170 nm

0.134 nm

Average

0.1346 nm

0.1348 nm

Table 6.2: Full widths at half maximum depending on the currents applied on PA, with a
current of 300.00 mA on MO
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7.

CONCLUSIONS
In this study, a master oscillator power amplifier was designed, simulated, and characterized.

COMSOL simulation was performed to verify the feasibility of improvement by inserting the unpumped region into the tapered amplifier. The modeling does not cover the entire PA system
(Figure 4.1) because of the memory capability. However, the modified modeling (Figure 4.2) is
sufficient to suggest the new solution for the problem of the double-lobed profile, which deteriorates the laser beam quality of the tapered amplifier. The wavelength of 1.550 µm is observed,
propagating through the gain medium (input facet: 3.50 µm, output facet: 140.00 µm) of the tapered amplifier with the central unpumped region (input facet: 1.00 µm, output facet: 10.00 µm.
An overlapped far-field diagram of the modeling and the actual device (Figure 7.1) shows that the
improvement in the center of the far-field profile, which means that Rose design has a more similar profile to the fundamental transverse Gaussian mode than Standard design, when currents of
300.00 mA on the master oscillator and 2.00 A on the power amplifier are applied.

Figure 7.1: Overlapped far-field diagram between the modeling (Orange) and the actual
device (Blue)
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The LIV measurement (Figure 6.1) shows that the threshold current of Rose design is lower
than Standard design, which is the advantage for the laser system. However, considering current
densities on gain media for both devices, the threshold current difference is considered negligible.
The LIV plot shows that the power efficiencies for both designs are measured almost the same
under 2.30 A, but Rose design has worse power performance than Standard design above 2.30
A. When a current of 2.00 A is injected on PA, the current density (1.39×107 A/m2 ) of Rose
design is 8.30 % higher than Standard design (1.51×107 A/m2 ) because of the difference of the
central unpumped area. The spectrum shows that Standard design and Rose design have different
resonance wavelengths, which are 1.538 µm and 1.550 µm, respectively. Standard design has
unstable resonance wavelengths above a current of 1.70 A on PA. In contrast, The resonance wave
of Rose design is stable at a current of 1.50 to 2.30 A. However, Rose design has the higher-order
mode resonating at 2.50 A, unlike Standard design on the same current injection condition.

7.1.

Future Works

A possible future work would be to vary the central unpumped region’s dimensions, for example, the width and tapered angle, by the COMSOL simulation. The directorial quality of the
current injection is critical for selective pumping. There is a need to figure out the central unpumped region’s minimum width to select its optimized width. So, the simulation for the injection
of electrons to the active region to improve the pumping region’s selectivity could be another future work. The spatial hole burning and stimulated emission from the emission process were not
considered in this simulation. The simulation could be enhanced by using the relationship between
the electron density, photon density, optical intensity, and gain saturation in the device.
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APPENDIX A - Spectrum Data

(a)

(b)

Figure 1: Spectrum measurement profile of Standard design pumped by a current of 300.00
mA on MO, 1.50 A on PA (a) Resonance wavelength of free spectral range (b) Transverse
mode spacing

(a)

(b)

Figure 2: Spectrum measurement profile of Rose design pumped by a current of 300.00 mA
on MO and 1.50 A on PA (a) Resonance wavelength of free spectral range (b) Transverse
mode spacing
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(a)

(b)

Spectrum
Figure 3: Spectrum measurement profile of Standard design pumped by a current of 300.00
mA on MO and 1.70 A on PA (a) Resonance wavelength of free spectral range (b) Transverse
mode spacing

(a)

(b)

Figure 4: Spectrum measurement profile of Rose design pumped by a current of 300.00 mA
on MO and 1.70 A on PA (a)Resonance wavelength of free spectral range (b)Transverse mode
spacing
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(a)

(b)

Figure 5: Spectrum measurement profile of Standard design pumped by a current of 300.00
mA on MO, 2.00 A on PA (a) Resonance wavelength of free spectral range (b) Transverse
mode spacing

(a)

(b)

Figure 6: Spectrum measurement profile of Rose design pumped by a current of 300.00 mA
on MO, 2.00 A on PA (a) Resonance wavelength of free spectral range (b) Transverse mode
spacing
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(a)

(b)

Figure 7: Spectrum measurement profile of Standard design pumped by a current of 300.00
mA on MO, 2.30 A on PA (a) the resonance wavelength of free spectral range (b) Transverse
mode spacing

(a)

(b)

Figure 8: Spectrum measurement profile of Rose design pumped by a current of 300.00 mA
on MO, 2.30 A on PA (a) the resonance wavelength of free spectral range (b) Transverse
mode spacing
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APPENDIX B - Full Width at Half Maximum (FWHM) Method
As a method for measuring laser beam quality, FWHM was measured in Section 6.4. Figure 9
shows that the process of measuring FWHM step-by-step.

(a)

(b)

(c)

(d)

Figure 9: An example process of calculating an FWHM of measured spectrum data from
Rose design, with currents of 300.00 mA on MO and 1.50 A on PA (a) Total spectrum data of
Rose design (b) Spectral data with an expanded range of interest (c) Overlap of the expanded
spectrum and a spectrum enveloped by connecting peaks (d) the enveloped spectrum with
FWHM

Figure 9(a) shows a total spectrum of Rose design when a current of 300.00 mA is applied to
the MO and 1.50 A to the PA. A strong peak is observed at 1546.755 nm. Figure 9(b) is a spectral
distribution diagram magnified around 1546.755 nm to examine the transverse mode spacing of the
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laser beam and calculate the FWHM. The wider the transverse mode spacing and FWHM are, the
worse the beam quality is. Figure 9(c) shows the expanded spectrum and one enclosed spectrum by
connecting the peaks observed in Figure 9(b). Figure 9(d) explains how to obtain FWHM using the
enclosed spectrum practically. Two different wavelengths intersecting the half maximum line are
observed. FWHM can be calculated by subtracting the short wavelength from the long wavelength
of two wavelengths.
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APPENDIX C - Python Codes

1

# -* - coding : utf -8 -* -

2

# Author : Mikhail Polyanskiy

3

# Original data : Adachi 1989 , https :// doi . org /10.1 063/1. 343580

4

5

# Modified by Dongwon Jang

6

# Last modified : 2021 -05 -04

7

8

# In (1 - x ) Ga ( x ) As ( y ) P (1 - y ) ;

9

10

import numpy as np

11

import matplotlib . pyplot as plt

12

13

pi = np . pi

14

y = 0.9

15

x = (0.1896 * y ) / (0.4176 - 0.0125 * y )

16

# model parameters

17

E0 = 1.35 - 0.72* y + 0.12*( y **2)

18

del0 = 1.466 - 0.557* y + 0.129*( y **2) - E0

19

E1 = 3.163 - 0.590* y + 0.33*( y **2)

20

del1 = 3.296 - 0.466* y + 0.26*( y **2) - E1

21

E2 = 4.72 - 0.31* y - 0.01*( y **2)

22

Eg = 1.83

23

A = 5.42 - 4.2* y

24

b1 = 4.91 - 3.85* y + 2.78*( y **2)

25

b2 = 0.09 + 2.65* y - 1.26*( y **2)

# ev
# ev **1.5

# ev
# ev

# ev

# ev

# ev
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26

b11 = 10.32 - 8.93* y + 6.18*( y **2)

# ev ** -0.5

27

b21 = b2 *2

28

gamma_cap = 0.14 - 0.10* y + 0.10*( y **2)

29

C = 1.30 + 3.70* y - 2.10*( y **2)

30

gamma = 0.093 + 0.256* y - 0.124*( y **2)

31

D = 60.4 - 83.9* y + 44.2*( y **2)

32

epsilon_inf = 2.1

# ev ** -0.5
# ev

33

34

35

36

def h ( value ) :

# Heaviside function

return 0.5 * ( np . sign ( value ) + 1)

37

38

39

def epsilon_a ( hbar_omega ) :

# E0

40

chi0 = hbar_omega / E0

41

chiso = hbar_omega / ( E0 + del0 )

42

h0 = h (1 - chi0 )

43

hso = h (1 - chiso )

44

fchi0 = chi0 ** -2 * (2 - (1 + chi0 ) ** 0.5 - ((1 - chi0 ) * h0 ) **
0.5)

45

fchiso = chiso ** -2 * (2 - (1 + chiso ) ** 0.5 - ((1 - chiso ) * hso )
** 0.5)

46

h0 = h ( chi0 - 1)

47

hso = h ( chiso - 1)

48

epsilon2 = A / hbar_omega ** 2 * ((( hbar_omega - E0 ) * h0 ) ** 0.5 +
0.5 * (( hbar_omega - E0 - del0 ) * hso ) ** 0.5)

49

epsilon1 = A * E0 ** -1.5 * ( fchi0 + 0.5 * ( E0 / ( E0 + del0 ) ) ** 1.5 *
fchiso )
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50

return epsilon1 + 1 j * epsilon2

51

52

53

def epsilon_b ( hbar_omega ) :

# E1

54

chi1 = hbar_omega / E1

55

chi1s = hbar_omega / ( E1 + del1 )

56

h1 = h (1 - chi1 )

57

h1s = h (1 - chi1s )

58

59

epsilon2 = ( pi * chi1 ** -2 * ( b1 - b11 * (( E1 - hbar_omega ) * h1 ) **
0.5) + pi * chi1s ** -2 *
( b2 - b21 * (( E1 + del1 - hbar_omega ) * h1s ) ** 0.5) )

60

61

epsilon2 *= h ( epsilon2 )

# undocumented trick : ignore negative

epsilon2
62

63

chi1 = ( hbar_omega + 1 j * gamma_cap ) / E1

64

chi1s = ( hbar_omega + 1 j * gamma_cap ) / ( E1 + del1 )

65

epsilon1 = - b1 * chi1 ** -2 * np . log (1 - chi1 ** 2) - b2 * chi1s ** -2
* np . log (1 - chi1s ** 2)

66

67

return epsilon1 . real + 1 j * epsilon2 . real

68

69

70

def epsilon_c ( hbar_omega ) :

# E2

71

chi2 = hbar_omega / E2

72

epsilon2 = C * chi2 * gamma / ((1 - chi2 ** 2) ** 2 + ( chi2 * gamma )
** 2)

73

epsilon1 = C * (1 - chi2 ** 2) / ((1 - chi2 ** 2) ** 2 + ( chi2 * gamma
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) ** 2)
74

return epsilon1 + 1 j * epsilon2

75

76

77

def epsilon_d ( hbar_omega ) :

# Eg

78

# ignoring hbar_omegaq - no data in the paper

79

ech = E1

80

chig = Eg / hbar_omega

81

chich = hbar_omega / ech

82

hg = h (1 - chig )

83

hch = h (1 - chich )

84

epsilon2 = D / hbar_omega ** 2 * ( hbar_omega - Eg ) ** 2 * hg * hch

85

return 1 j * epsilon2

86

87

88

ev_min = 0.1

89

ev_max = 6

90

npoints = 1000

91

ev = np . linspace ( ev_min , ev_max , npoints )

92

um = 4.13566733 e -1 * 2.99792458 / ev

93

epsilona = epsilon_a ( ev )

94

epsilonb = epsilon_b ( ev )

95

epsilonc = epsilon_c ( ev )

96

epsilond = epsilon_d ( ev )

97

epsilon = epsilona + epsilonb + epsilonc + epsilond + epsilon_inf

98

n = ( epsilon ** .5) . real

99

k = ( epsilon ** .5) . imag

100

alpha = 4 * pi * k / um * 1 e4

# 1/ cm
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101

102

# ============================

DATA OUTPUT

=================================
103

file = open ( ’ out . txt ’ , ’w ’)

104

for i in range ( npoints - 1 , -1 , -1) :

105

106

file . write ( ’\ n

{:.4 e } {:.4 e } {:.4 e } ’. format ( um [ i ] , n [ i ] , k [ i ]) )

file . close ()

107

108

# ===============================

PLOT

=====================================
109

plt . rc ( ’ font ’ , family = ’ Dejavu Sans ’ , size = ’ 14 ’)

110

111

# plot epsilon1 vs ev

112

plt . figure (1)

113

plt . plot ( ev , epsilon . real , label = " epsilon1 " )

114

plt . plot ( ev , epsilona . real , label = " Re ( epsilona ) " )

115

plt . plot ( ev , epsilonb . real , label = " Re ( epsilonb ) " )

116

plt . plot ( ev , epsilonc . real , label = " Re ( epsilonc ) " )

117

plt . xlabel ( ’ Photon energy ( ev ) ’)

118

plt . ylabel ( ’ epsilon1 ’)

119

plt . legend ( bbox_to_anchor =(0 , 1.02 , 1 , 0) , loc =3 , ncol =2 , borderaxespad =0)

120

plt . savefig ( " epsilon1 vs ev . png " )

121

# plot epsilon2 vs ev

122

plt . figure (2)

123

plt . plot ( ev , epsilon . imag , label = " epsilon2 " )

124

plt . plot ( ev , epsilona . imag , label = " Im ( epsilona ) " )

125

plt . plot ( ev , epsilonb . imag , label = " Im ( epsilonb ) " )

126

plt . plot ( ev , epsilonc . imag , label = " Im ( epsilonc ) " )
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127

plt . plot ( ev , epsilond . imag , label = " Im ( epsilond ) " )

128

plt . yscale ( ’ log ’)

129

plt . xlabel ( ’ Photon energy ( ev ) ’)

130

plt . ylabel ( ’ epsilon2 ’)

131

plt . legend ( bbox_to_anchor =(0 , 1.02 , 1 , 0) , loc =3 , ncol =2 , borderaxespad =0)

132

plt . ylim ([1 e -2 , 1 e2 ])

133

plt . savefig ( " epsilon2 vs ev . png " )

134

# plot n , k vs ev

135

plt . figure (3)

136

plt . plot ( ev , n , label = " n " )

137

plt . plot ( ev , k , label = " k " )

138

plt . xlabel ( ’ Photon energy ( ev ) ’)

139

plt . ylabel ( ’n , k ’)

140

plt . legend ( bbox_to_anchor =(0 , 1.02 , 1 , 0) , loc =3 , ncol =2 , borderaxespad =0)

141

plt . savefig ( " n_k vs ev . png " )

142

# plot n , k vs um

143

plt . figure (4)

144

plt . plot ( um , n , label = " n " )

145

plt . plot ( um , k , label = " k " )

146

plt . xlabel ( ’ Wavelength ( um ) ’)

147

plt . ylabel ( ’n , k ’)

148

plt . xscale ( ’ log ’)

149

plt . yscale ( ’ log ’)

150

plt . legend ( bbox_to_anchor =(0 , 1.02 , 1 , 0) , loc =3 , ncol =2 , borderaxespad =0)

151

plt . savefig ( " n_k vs um . png " )

152

# plot alpha vs ev

153

plt . figure (7)

154

plt . plot ( ev , alpha )
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155

plt . yscale ( ’ log ’)

156

plt . ylim ([1 e3 , 1 e7 ])

157

plt . xlabel ( ’ Photon energy ( ev ) ’)

158

plt . ylabel ( ’ alpha (1/ cm ) ’)

159

plt . savefig ( " alpha vs ev . png " )

